Introduction
============

Bone, which is crucial for physiological functions, can be impaired in situations that involve trauma, pathological disease, and tumor resection. Although bone has a capacity for self-renewal, bone tissue regeneration remains a challenge because of its complex processes, including inflammation and bony callus formation [@B1]. To enhance bone growth, surgeons often use bone grafts or substitute materials [@B2]. In particular, bone autografting is clinically approved as the gold standard for bone repair because of the remarkable osteoinductivity and osteoconductivity without adverse immunoreactions [@B3]. However, autogenous bone grafting has inevitable restrictions, including donor site morbidity, need for additional surgery, and limited bone donors [@B4], [@B5]. Therefore, promising strategies for bone defect reconstruction are required to overcome the obstacles and limitations in current bone grafting approaches. Research on bone repair has begun to focus on innovative tissue engineering technologies, as alternative approaches for functional tissue engineering [@B6].

In general, bone tissue engineering (BTE) begins with fabrication of a biocompatible scaffold, followed by its combination with cells and culture under specialized conditions that incorporate biochemical and physical stimuli to encourage bone formation *in vitro* and *in vivo*. Autologous bone marrow mesenchymal stem cells (BMMSCs) have been proposed as a suitable cell source for bone regeneration because of their lack of immunogenicity [@B7]. However, researchers have demonstrated that allogeneic mesenchymal stem cells maintained good cell viability without eliciting severe graft-versus-host disease [@B8], [@B9]. Li et al. [@B10] reported that rabbits showed immunological tolerance to green fluorescent protein-labeled allogeneic mesenchymal stem cells with no obvious rejection by the host. Thus, BMMSCs can be loaded into a scaffold and implanted *in vivo* without triggering an antigenic response. The primary purpose of biomaterials engineered for tissue regeneration is to support and facilitate the requisite physiological functions at the injured site. To satisfy this requirement, an ideal scaffold should possess favorable biocompatibility with optimal mechanical capabilities, and mimic a cell-friendly microenvironment that favors cell migration, proliferation, and differentiation [@B11], [@B12]. Nano-hydroxyapatite (nHA) is a bioactive material that can mimic the nanostructure of natural bone as well as provide mechanical strength in the form of a scaffold. Furthermore, nHA was proven to have a significant influence on bone regeneration, through its formation of strong chemical bonds with the host bone tissue [@B13], [@B14]. Gelatin (Gel), an important hydrocolloidal polypeptide, is produced by partial hydrolysis of collagen and facilitates initial cell adherence and spreading through its continuously repeated Arg-Gly-Asp (RGD) sequences. Gelatin microspheres (GMSs) have excellent biocompatibility and toxicologically safe degradation products, and have been widely selected as candidate carriers for sustained drug release to prolong the drug half-life and facilitate bone tissue regeneration [@B15]-[@B18]. To date, the prevailing approach in BTE has been combinations of scaffolds and osteogenic bioactive molecules important for promoting new bone formation and regulating cell behaviors like recruitment, proliferation, and differentiation. Growth factors, such as transforming growth factor-β, vascular endothelial growth factor, and bone morphogenetic proteins (BMPs), are signaling molecules and major factors that regulate cells during developmental processes. The BMP family and its individual members are regarded as crucial signaling proteins responsible for organization of tissue architecture. It is widely known that BMPs have significant roles in osteogenesis [@B19].

In the present study, we aimed to fabricate a BMP-6-nHA-Gel-GMS (BMP-6/nHAG/GMS) scaffold and evaluate its cytocompatibility and osteogenic activity *in vitro*. We also evaluated the *in vivo* bone regeneration efficacy of the scaffold using a critical-sized calvarial defect model in rats.

Materials and methods
=====================

Materials
---------

Gelatin (Sigma-Aldrich, St. Louis, MO) and nHA (Emperor Nano Material, Nanjing, China) were chosen as the basic matrices for synthesis of the nHAG/GMS composite scaffold. Liquid paraffin (CAS\# 8042-47-5) was purchased from Aike Chemical Reagent Company (Chengdu, China). BMP-6 was purchased from PeproTech (Rocky Hill, NJ). Rat BMMSCs were purchased from PuheBio (Wuxi, China). Fetal bovine serum (FBS), phosphate-buffered saline (PBS), and alpha minimum essential medium (αMEM) were purchased from GE Healthcare Life Sciences Hyclone Laboratory (South Logan, Utah, USA). Penicillin/streptomycin and trypsin-EDTA were purchased from GE Healthcare Life Sciences Hyclone Laboratory (South Logan, UT). BMP-6 ELISA kits were purchased from Cusabio Biotechnology Company (Wuhan, China). Tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin was purchased from Invitrogen (Eugene, OR). Cell counting kit-8 (CCK-8) and alkaline phosphatase (ALP) kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other chemicals and reagents were of analytical grade unless otherwise stated.

Fabrication of porous BMP-6-loaded nHAG/GMS scaffolds
-----------------------------------------------------

GMSs were first prepared by an emulsion-solvent diffusion technique [@B20]. Briefly, a 25 wt% aqueous solution of gelatin was added dropwise to liquid paraffin, followed by stirring to obtain an emulsified compound. After the obtained compound was cooled to 4°C, chilled acetone was then added, and GMSs were obtained after removal of the acetone. The obtained GMSs were crosslinked in glyoxal, washed with aqueous ethanol and dried. To fabricate the BMP-6/GMSs, BMP-6 was dissolved in PeproTech protein solution, and encapsulated in GMSs by adsorption and lyophilization.

For preparation of nHAG composite, nHA powder was homodispersed in a gelatin solution while stirring at 40°C [@B21]. The solution was poured into culture plates, frozen at -20°C overnight, and lyophilized at -80°C for 24 h using an Alpha 1-2 LD Plus (Christ, Germany). The resulting freeze-dried samples were immersed in glutaraldehyde aqueous solution for crosslinking, washed five times with deionized water, and freeze-dried again at -80°C.

For fabrication of BMP-6/nHAG/GMS scaffolds, the BMP-6/GMSs were dispersed in PBS and loaded in the nHAG composites by suction, resulting in a final BMP-6 concentration of 100 ng/ml in the BMP-6/nHAG/GMS scaffold.

Scanning electron microscopy (SEM)
----------------------------------

The morphology of the nHAG/GMS scaffolds was examined by SEM (S-4800; Hitachi, Tokyo, Japan) after gold coating. The pore sizes were measured using Image J software.

Porosity measurements
---------------------

The porosity of the nHAG/GMS scaffolds was evaluated by an ethyl alcohol (EtOH) displacement method. The primary volume of EtOH was measured as V1. The scaffold was then immersed in a graduated cylinder containing EtOH until it reached saturation. During this process, trapped air was removed using a vacuum air-removal system. The total volume of EtOH and the scaffold was recorded as V2. The residual EtOH volume was measured as V3 after removal of the EtOH-impregnated scaffold. The porosity of the scaffold was calculated as: \[(V1-V3)/(V2-V3)\]×100%.

Water absorption assay
----------------------

Water absorption was measured to assess the hydrophilic characteristics of the nHAG/GMS scaffolds. The dry scaffold was weighed (W1) and then immersed in distilled water until saturation. After blotting of excess water with filter paper, the scaffold was re-weighed (W2). The percentage of water absorption by the scaffold was calculated as: \[(W2-W1)/W1\]×100%.

Mechanical properties
---------------------

The mechanical properties of the nHAG/GMS scaffolds were evaluated using a universal material testing machine (E1000; Instron, Norwood, MA). The diameter of the obtained scaffolds was 5.00 mm, and the height was 10.00 mm. Each sample was evaluated by application of a 100-N load at a crosshead speed of 1 mm/min. Three samples were examined to obtain the mean compression strength.

*In vitro* release profile
--------------------------

The *in vitro* BMP-6 release profile from the nHAG/GMS scaffolds was determined by ELISA. Briefly, the standard BMP-6/nHAG/GMS scaffold was incubated in a container containing 2 mL of PBS (pH 7.4) at 37°C in triplicate. At designated time points, the supernatant was collected for storage at -20°C until analysis, and the sample was incubated in another 2 mL of fresh PBS. The cumulative release amount of BMP-6 was measured with the BMP-6 ELISA kit according to the manufacturer\'s procedure. The mean BMP-6 values were calculated and a release curve was drawn.

Cell culture and seeding
------------------------

BMMSCs isolated from 3- to 4-week-old Sprague-Dawley rats were provided by PuheBio. BMMSCs were incubated in αMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin and maintained at 37°C in a humidified 5% CO~2~ atmosphere. Scaffolds were sterilized with 75% (v/v) ethanol under UV light on both sides for 2 h each, and soaked in PBS for 2 h to favor scaffold wettability. The composite scaffolds were subsequently immersed in αMEM containing 10% FBS overnight at 37°C. When cultured third-generation BMMSCs reached confluency, they were trypsinized and harvested. Next, 200 µL of BMMSCs suspension (4×10^4^ cells) was seeded into the sterilized scaffolds in 24-well culture plates to form cell-scaffold constructs. After 2 h of incubation, the culture plates were supplied with another 1 mL of culture medium. The specimens were cultured *in vitro* at 37°C in a humidified 5% CO~2~ incubator, and the medium was changed every other day.

Cell attachment and viability
-----------------------------

After 3 days of culture, the samples were examined by SEM to visualize the cell attachment. Briefly, the scaffolds with BMMSCs were gently rinsed twice with PBS, and fixed with 2.5% (w/v) glutaraldehyde overnight at 4°C. After washing with PBS, the samples were dehydrated in an ascending ethanol series at 30%, 50%, 70%, 80%, 90%, and 100% for 20 min each. After complete drying, the samples were sputter-coated with gold and observed by SEM.

The cell-seeded scaffolds were cultured at 37°C in a humidified incubator with 5% CO~2~ for 12 and 48 hours, mildly rinsed with PBS, and fixed with 4% (v/v) paraformaldehyde for 30 min at room temperature. After washing with PBS, the grafted cells were permeabilized with 0.2% (v/v) Triton X-100 for 10 min, and blocked with 1% (v/v) BSA in PBS for 30 min. The cytoskeletons of the cells were stained with TRITC-conjugated phalloidin for 2 h at 4°C, and the nuclei were counter-stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min in the dark. The cytoskeletons and nuclei of cells were observed using a confocal laser scanning microscope (FV1000S-SIM/IX81; Olympus, Tokyo, Japan). After standard scanning processing, the fluorescence images were analyzed using Volocity Demo and Image Pro Plus 6.0 software.

Cell proliferation assay
------------------------

A direct contact method involving CCK-8 assays was applied to investigate the proliferation of BMMSCs on the composite scaffolds. Third-generation BMMSCs were seeded into the scaffolds with or without BMP-6. For the control group, BMMSCs were directly added to wells without scaffolds. After culture for 1, 3, 5, and 7 days, the medium was removed and 100 µL of CCK-8 solution was added to each well and incubated for 4 h. The culture solution (300 µL) was then taken from the wells and transferred to a 96-well plate. The absorbances of the wells were measured by an ELISA assay reader (Infinite M200; Tecan, Austria) at 450 nm.

Alkaline phosphatase (ALP) activity
-----------------------------------

After BMMSCs and composite scaffolds (nHAG/GMS and BMP-6/nHAG/GMS) were cocultured for 4, 7, and 10 days, three specimens per group were assessed for ALP activity according to the manufacturer\'s instructions. BMMSCs directly added into wells without any scaffolds were used as the control group. Briefly, the cells in the scaffolds were rinsed with PBS to remove the remaining medium, and immersed in 1% (v/v) Triton-X 100 overnight at 4°C. The cell suspension (30 µL) was lysed by repeated pipetting and transferred to a 96-well Teflon culture plate. After adding buffer solution (50 µL) and matrix liquid to the cell suspension, the mixture was incubated at 37°C for 15 min. Each well was added with a chromogenic agent and the optical density (OD) was measured at 520 nm using the ELISA plate reader. The total cellular protein was measured by the bicinchoninic acid assay, and the ALP level was normalized by the total cellular protein content.

Animals and anesthesia
----------------------

A total of 20 adult male Sprague-Dawley rats (8 weeks of age; 220-300 g) were provided by the Experimental Animal Center of China Medical University. All *in vivo* animal experiments were reviewed and approved in advance by the Subcommittee on Research and Animal Care of China Medical University, and the procedures were carried out in strict accordance with the national guidelines for animal care. The rats were kept in plastic cages in an animal housing room that was maintained under standard laboratory facilities (12-h/12-h light/dark cycle; relative humidity: 45-55%; temperature: 25°C). All rats were acclimatized for at least 1 week, and provided with a standard laboratory diet and water. Surgical procedures were conducted under proper general anesthesia by intraperitoneal injection of 10% (v/v) chloral hydrate (3 mL/kg body weight).

Surgical procedure
------------------

Prior to *in vivo* study, 4×10^4^ rat BMMSCs were seeded on the sterilized scaffold sample and incubated for 24 h at 37°C in a humidified 5% CO~2~ incubator. The rats were shaved and immobilized on a board that had been placed on a heating pad in advance. The surgical area was scrubbed with 10% (v/v) povidone iodine solution and 75% (v/v) ethanol. A midline incision down to the periosteum was made using the scalpel and a full-thickness flap was elevated. After exposure of the calvarium, an 8-mm critical-sized defect was created using a trephine bur at low rotation under saline solution irrigation (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B). The 15 rats were randomly allocated to three groups: (1) no implantation group; (2) BMMSC/nHAG/GMS group; and (3) BMMSC/BMP-6/nHAG/GMS group. The periosteum was closed with a continuous suture before the incision was closed with 4-0 silk-interrupted sutures. The rats were housed for the designated time period according to the experimental protocol.

Postoperative examination and histological analysis
---------------------------------------------------

At 8 weeks after implantation, all rats were euthanized by cervical dislocation under anesthesia with isoflurane. Three-dimensional images of the calvarial bones were taken using a 3D-CT scanner (SOMATOM Definition AS+; Siemens, Germany), and the CT values were measured to assess the density of regenerated tissue. After the 3D-CT examination, the skull caps were harvested and immediately fixed in 4% (v/v) paraformaldehyde for histological analysis.

The calvarial bones were immersed in 10% (v/v) EDTA solution for decalcification, and then dehydrated in a gradient alcohol series. After a final xylene step, the samples were embedded in paraffin. Serial sections at 5-µm thickness were stained with hematoxylin and eosin (H&E). The stained sections were observed and imaged by light microscopy (CKX41; Olympus Co., Tokyo, Japan), and the volumes of newly formed bone were measured using Image J software.

Statistical analysis
--------------------

Statistical analyses were carried out with SPSS 17.0 software (SPSS Inc., Chicago, IL). All data were presented as mean ± SD. Student\'s *t*-test was used for pairwise comparisons. Significance of differences in data was accepted for values of *p*\<0.05.

Results
=======

Morphology and characterization of composite scaffolds
------------------------------------------------------

The composite scaffolds were prepared by combination of a natural polymer, gelatin, and a bioceramic, nHA. After freeze-drying, the scaffolds exhibited a canary yellow color with good elasticity, and were able to return to their original state after compression deformation (Figure [2](#F2){ref-type="fig"}A).

The morphology and pore size distribution of the scaffolds were evaluated by SEM analysis. The micrographs revealed that the surface of the scaffolds was rough and uneven, with deposition of a large number of nHA particles. Furthermore, the structure had a three-dimensional architecture with interconnected pores of different sizes ranging from 100 to 200 µm formed during freeze-drying (Figure [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}C).

By using the liquid displacement method, we obtained the porosity of the composite scaffolds was approximately 89%. The water absorption capability was almost 258%. During mechanical tests, the scaffolds exhibited good mechanical properties and the compressive strength was measured at 4.07 MPa (Table [1](#T1){ref-type="table"}).

*In vitro* release of BMP-6
---------------------------

The *in vitro* release profile of BMP-6 from the nHAG/GMS scaffolds was determined using an ELISA kit. The BMP-6-loaded scaffolds exhibited an initial burst release on day 1 and subsequently presented a gentler and constant release. Release of BMP-6 from the scaffold was continuously detected for 20 days and the cumulative release amount reached approximately 95% (mean release: 92.15±2.38%) (Figure [2](#F2){ref-type="fig"}D).

Cell morphology and viability
-----------------------------

The cellular morphology of rat BMMSCs was observed under an inverted phase-contrast microscope (CKX41; Olympus). Most of the cells adhered to the bottom of the culture plate within 4-8 h after passage. After 12 h of culture, BMMSCs exhibited a polygonal morphology and high survival rates during the culture period (Figure [3](#F3){ref-type="fig"}A).

To evaluate the BMMSC growth and attachment behavior on the scaffolds, which can indicate the possible impacts of composite materials, SEM cross-sectional observations were conducted at 3 days after BMMSC seeding. The micrographs revealed that abundant cells were strongly attached to the walls of the porous scaffolds with fully extended pseudopodia (Figure [3](#F3){ref-type="fig"}B). In addition, the cells spread well and maintained their normal morphology.

To visualize the BMMSCs seeded on and within the three-dimensional scaffolds, the cell-scaffold constructs were stained with TRITC-conjugated phalloidin followed by nuclear staining with DAPI. Attachment of BMMSCs was observed at 12 hours after cell seeding on the scaffolds. The cells grew and proliferated well with an increased cell density on 48 hours of culture, and exhibited a clustered morphology with actin filaments linking adjacent cells (Figure [3](#F3){ref-type="fig"}C).

*In vitro* cell proliferation and osteogenesis
----------------------------------------------

To determine the effect of the scaffolds in supporting cell growth, CCK-8 assays were conducted to evaluate the OD values of the three groups on days 1, 3, 5, and 7 of culture. After 1 day of culture, there were no significant differences in cell proliferation among the three groups (*p*\>0.05), supporting the attachment and proliferation of BMMSCs. Starting from day 3, the nHAG/GMS and BMP-6/nHAG/GMS groups were more conducive to proliferation and showed significant differences compared with the control group (*p*\<0.05). However, there was no significant difference between the nHAG/GMS and BMP-6/nHAG/GMS groups (*p*\>0.05) (Figure [4](#F4){ref-type="fig"}A). The CCK-8 assay results indicated that the scaffolds had an appropriate capability to promote cell attachment and proliferation.

ALP activity, an early osteogenic differentiation marker, was assessed on days 4, 7, and 10 of culture to investigate the ability of the composite scaffolds to promote osteogenic differentiation of BMMSCs. No significant differences in the OD values were detected between the scaffold groups and the control group (*p*\>0.05) during the first 4 days of culture. Thereafter, the nHAG/GMS and BMP-6/nHAG/GMS groups induced remarkably higher ALP activity compared with the untreated control group (*p*\<0.05). Moreover, the OD value for the BMP-6-loaded nHAG/GMS scaffolds was superior to that of the nHAG/GMS scaffolds alone (*p*\<0.05), suggesting that the composite 3D scaffolds were capable of promoting osteogenic differentiation of BMMSCs *in vitro* (Figure [4](#F4){ref-type="fig"}B).

*In vivo* repair efficacy of critical-sized calvarial defects
-------------------------------------------------------------

All 15 rats tolerated the surgical operations, recovered well, and remained in good health through the experimental period. No signs of infection or postoperative wound-healing complications were observed at the defect site.

To evaluate new bone formation *in vivo*, the two types of porous composite scaffolds were implanted into the critical-sized calvarial defects, and 3D-CT analysis was conducted at week 8 postoperatively. On representative 3D-CT images, the defect-only group (control group) remained largely unrepaired with minimal bone regeneration at the edge, indicating that the critical-sized bone defects could not heal by themselves (Figure [5](#F5){ref-type="fig"}A). Meanwhile, the BMMSC/nHAG/GMS and BMMSC/BMP-6/nHAG/GMS groups exhibited significantly smaller unhealed defect areas compared with the control group (*p*\<0.05). In addition, the BMP-6-loaded BMMSC/nHAG/GMS scaffolds significantly accelerated new bone formation compared with the BMMSC/nHAG/GMS group (*p*\<0.05), suggesting a function of BMP-6-modified nHAG/GMS scaffolds in inducing bone regeneration (Figure [5](#F5){ref-type="fig"}B).

Histomorphometric assessment of H&E-stained sections confirmed the radiographic findings. The tissues in the defect-only group consisted of fibrous-like tissues with minimal bone formation at the margins with the host bone (Figure [6](#F6){ref-type="fig"}A). Compared with the control group, significantly larger bone formation areas and quantitative bone volumes were detected in the BMMSC/nHAG/GMS and BMMSC/BMP-6/nHAG/GMS groups (*p*\<0.05). Furthermore, the area of newly formed bone at the defect site was remarkably larger with the BMP-6-loaded composite scaffolds than with the BMP-6-free composite scaffolds (*p*\<0.05), in accordance with the bone volumes generated by the composite scaffolds (Figure [6](#F6){ref-type="fig"}B).

Discussion
==========

BTE is a complex process by which artificial organs are constructed using several factors, including viable cells, scaffolds, growth factors, and bio-conditions mimicking the *in vivo* microenvironment. Regarding scaffold design, achievement of an ideal scaffold that can integrate physical properties and biochemical cues is the way forward for next-generation development of bone tissue.

Natural bone is composed of inorganic salts and collagen. HA, a bioactive and biodegradable ceramic, has been widely applied as a bone graft substitute because of its superior osteoconductivity, osseointegration, and lack of toxicity [@B22]. nHA is the most abundant calcium phosphate mineral found in bone. Furthermore, owing to its small size and large specific surface area, nHA shows better performance in accelerating bone formation than traditional micro-sized ceramic materials [@B23]-[@B26]. Gelatin, which is derived from partial hydrolysis of collagen, has low immunogenicity and contains RGD-like sequences that favor cell migration and attachment [@B27]. Although natural biopolymers have the advantages of biodegradability and plasticity, their evident drawback of instability under physiological conditions cannot be ignored. In this regard, a composite scaffold that can combine nHA and a natural polymer to mimic the architecture of native bone to some extent has potential for bone regeneration.

In the present study, a nHAG/GMS scaffold was fabricated by a combination of blending and freeze-drying techniques, and sustained delivery of BMP-6 was obtained by encapsulation in GMSs. Subsequently, the features of the composite scaffold were evaluated *in vitro* and *in vivo* to investigate its potential to serve as an improved substitute for BTE purposes.

As reported in previous studies, the surface shape and texture of implants play important roles in modulating tissue reactions and cell activities [@B28], [@B29]. Furthermore, the rates of bone formation and vascularization were increased for implants prepared with interconnecting pores because of their adequate blood supply [@B30]. As shown in our SEM images, the surface of the BMP-6/nHAG/GMS scaffolds appeared to be rough because nHA particles were deposited over the surface. Wang et al. [@B31] reported that the pore sizes of an ideal scaffold should be greater than 100 μm, to facilitate bone mineralization and regeneration. The porosity and pore size of the obtained composite scaffolds exceeded 85% and 100 µm, respectively, which can allow cells to infiltrate and fit well inside the scaffolds [@B32].

Biomimetic approaches have recently focused on combinations of bioactive scaffolds and growth factors with essential biological roles for bone regeneration. BMP-6 is regarded as a unique and crucial member of the BMP family for skeletal development. Previous studies revealed that BMP-6 was more efficient in inducing osteoblast differentiation of mesenchymal stem cells than BMP-2 and BMP-7, which were faced with issues of heterotopic ossification and early osteolysis [@B33]-[@B35]. To enhance growth factor delivery efficacy, microsphere-based sustained-release formulations have been used to improve the therapeutics of bone defects. Li et al. [@B36] described that vertebral formation was increased in osteoporotic animals after treatment with rhBMP-2/GMSs-loaded calcium phosphate cement (CPC), indicating that rhBMP-2/GMSs/CPC can facilitate bone healing in osteoporosis. As described in the present study, an nHAG scaffold integrated with BMP-6-loaded GMSs was applied and a series of measurements were performed to investigate the biocompatibility and osteogenic effect of the composite scaffold for bone regeneration. Reasonable density and uniform distribution of cells on scaffolds are key steps for three-dimensional culture [@B37]. According to the CCK-8 assay findings, the proliferation rates of BMMSCs in the composite scaffolds increased more quickly than those in the control group, which may due to the three-dimensional structure of the scaffolds. These findings are consistent with those of Kemençe et al. [@B38], who showed that gelatin- and hydroxyapatite-based cryogels crosslinked by glutaraldehyde did not decrease cell proliferation and viability *in vitro*. Moreover, the SEM and confocal laser scanning microscopy images revealed that the BMMSCs integrated in the 3D scaffolds protruded filopodia and stretched during extended culture duration, confirming that the scaffolds were conducive to cell adhesion and proliferation. ALP assessment and calvarial bone defect model creation were carried out to investigate the effects on osteogenesis. ALP activity is an accepted marker of osteogenic differentiation of cells and a higher level of ALP expression reflects a more differentiated phase [@B39]-[@B41]. The ALP determinations showed that the nHAG/GMS scaffolds could remarkably enhance BMMSC differentiation and that this effect was reinforced by incorporation of BMP-6 within the scaffolds, indicating that the obtained scaffolds could effectively promote osteogenic differentiation *in vitro*. A critical-sized defect was originally defined as the smallest intraosseous wound in a particular bone and species of animal that cannot heal spontaneously during the lifetime of the animal [@B42]. It was reported that BMMSCs seeded on scaffolds can secrete a matrix that promotes new bone formation [@B43]. With this in mind, BMMSCs were seeded on nHAG/GMS and BMP-6/nHAG/GMS scaffolds, and then implanted into well-established critical-sized defects in rats. Murine models, which exhibit similar bone regenerative potential to humans, have been widely applied to determine the healing capacities of composite scaffolds [@B44]. Quinlan et al. [@B45] demonstrated that rhBMP-2-loaded collagen-hydroxyapatite scaffolds effectively facilitated the healing of critical-sized defects at 8 weeks after implantation, with no apparent bone anomalies. In the present study, *in vivo* bone formation in critical-sized defects was detected by radiographic and histological analyses at 8 weeks after implantation. Compared with the other groups, the BMMSC-seeded BMP-6/nHAG/GMS group exhibited significantly augmented *in vivo* calvarial bone formation, thereby verifying that use of the BMP-6/nHAG/GMS scaffolds is an effective approach for bone regeneration. In addition, it is worth noting that the periosteum and dura mater should be carefully preserved for better bone regeneration. The beneficial functions of the periosteum and dura mater noted here are consistent with previous studies [@B46], [@B47].

In conclusion, a porous BMP-6-loaded nHAG/GMS scaffold was prepared by utilizing a combination of blending and freeze-drying techniques. *In vitro* measurements confirmed that the scaffold was biocompatible with ideal characteristics and was able to induce osteogenic differentiation. *In vivo* assays verified that the BMMSC-seeded BMP-6/nHAG/GMS scaffold could successfully accelerate new bone formation. Accordingly, use of the BMP-6/nHAG/GMS scaffold could be a promising approach for BTE.
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![**Preparation of critical-size calvarial bone defects. (A)** Schematic drawing of rat calvarial defect. **(B)** Critical-sized defect with 8-mm diameter.](ijmsv16p1007g001){#F1}

![**Structural characterization of the BMP-6/nHAG/GMS scaffold. (A)** Macroscopic photograph of the BMP-6/nHAG/GMS scaffold. **(B)** SEM image of the BMP-6/nHAG/GMS scaffold. **(C)** Image of captured GMSs loaded onto the scaffold surface. **(D)** *In vitro* cumulative BMP-6 release profile from the BMP-6/nHAG/GMS scaffold over 20 days.](ijmsv16p1007g002){#F2}

![**Cell morphology and viability. (A)** Morphology of third-generation BMMSCs under an inverted phase-contrast microscope. **(B)** SEM images of cell-free (left) and cell-seeded (right) BMP-6/nHAG/GMS scaffolds. **(C)** *In vitro* fluorescence images of BMMSC attachment and proliferation on the BMP-6/nHAG/GMS scaffold at 12 and 48 h.](ijmsv16p1007g003){#F3}

![***In vitro* cell proliferation and osteogenesis. (A)** CCK-8 assays for cell proliferation of BMMSCs. The nHAG/GMS and BMP-6/nHAG/GMS scaffolds show significantly accelerated BMMSC proliferation compared with the control group. ^\*^P\<0.05 vs. control group, ^\#^P\<0.05 vs. previous time point of the same group. **(B)** ALP assays for osteogenic differentiation of BMMSCs. After 4 days, the ALP activity in the BMP-6/nHAG/GMS group is significantly enhanced compared with that in the nHAG/GMS and control groups. ^\*^P\<0.05 vs. control group, ^\#^P\<0.05 vs. nHAG/GMS group.](ijmsv16p1007g004){#F4}

![**Analysis of calvarial defects at 8 weeks postoperatively. (A)** 3D-CT determination of critical-sized defects after implantation with BMMSC-seeded nHAG/GMS and BMP-6/nHAG/GMS scaffolds compared with the control group. The dashed circles represent the original bony defects. **(B)** Quantitative measurements of bone formation in the control, BMMSC/nHAG/GMS, and BMMSC/BMP-6/nHAG/GMS groups. ^\*^P\<0.05 vs. control group (defect-only group), ^\#^P\<0.05 vs. nHAG/GMS group.](ijmsv16p1007g005){#F5}

![**Histological and histomorphometric examinations at 8 weeks postoperatively. (A)** Histological assessment of H&E-stained sections in the three groups. **(B)** Histomorphometric measurements for evaluation of new bone formation areas. ^\*^P\<0.05 vs. control group (defect-only group), ^\#^P\<0.05 vs. nHAG/GMS group.](ijmsv16p1007g006){#F6}

###### 

Physical parameters of nHAG/GMS scaffolds

  Porosity (%)   Pore size (μm)   Water absorption (%)   Compressive strength (MPa)
  -------------- ---------------- ---------------------- ----------------------------
  88.18±3.14     127±24           255.39±11.32           4.07±0.45

Results are presented as mean ± SD(n=3)
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